In this Letter we propose a novel interpretation of the anomalous TeV gamma-ray diffuse emission observed by Milagro in the inner Galactic plane consistent with the signal reported by H.E.S.S. in the Galactic ridge; remarkably, our picture also accounts for a relevant portion of the neutrino flux measured by IceCube. Our scenario is based on a recently proposed phenomenological model characterized by radially-dependent cosmic-ray (CR) transport properties. Designed to reproduce both Fermi-LAT gamma-ray data and local CR observables, this model offers for the first time a self-consistent picture of both the GeV and the TeV sky.
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At the end of 2013 the IceCube collaboration announced the detection of 28 neutrinos of extraterrestrial origin in the 30 TeV -1 PeV energy range [1, 2] . Last year 9 more events were reported, with the highest energy 2 PeV, reinforcing the evidence of an excess with respect to the atmospheric background up to 5.7 σ [3] . The inferred flavor composition is compatible with a mixture of electronic, muonic and tauonic neutrino in equal amounts as expected if their origin were astrophysical [4, 5] . A recent analysis [6] allowed the IceCube collaboration to lower the energy threshold and to measure the diffuse neutrino spectrum to be Φ ν = 2.06 E ν /10 5 GeV −2.46±0. 12 GeV −1 cm −2 sr −1 s −1 for 25 TeV < E ν < 1.4 PeV. These impressive results opened the era of high-energy neutrino astronomy. Although the origin of this radiation is still unclear, some useful considerations are possible: 1) The spectrum measured by IceCube is significantly softer than expected from most extragalactic high-energy sources (e.g. AGNs or γ-ray bursts) [7, 8] ; 2) the majority of the events are downward-going; 3) some of them are concentrated near the Galactic Center (GC) and Galactic Plane (GP) regions. These evidences suggest a Galactic origin for a significant fraction of the flux. The Galaxy is known to be a guaranteed source of a neutrino emission up to a fraction of PeV energies at least [9] . A seizable flux may either come from freshly accelerated CRs undergoing hadronic scattering with gas clumps near the sources, or originate from the hadronic interactions between the Galactic CR sea and the diffuse interstellar gas. Both scenarios, however, are in tension with IceCube results. In the first case, Fermi-LAT data provide a severe upper limit on the corresponding γ-ray emission [10] . Moreover, no evidence of neutrino emission from point-like sources was found in four years of IceCube data [11] . In the second case, if the local CR spectrum is assumed to be representative of the entire Galactic population, the computed spectrum should be much lower and softer than that measured by IceCube [12, 13] (although an unrealistically high gas density may fix the normalization: see [14] ). This conclusion does not change significantly if one adopts a more realistic CR spatial distribution accounting for the increasing number of astrophysical sources towards the Galactic Center (GC) [15] and if, as assumed in those papers, the same CR transport properties hold in whole Galaxy. However, it is conceivable that CR transport -due to a stronger star forming activity and peculiar magnetic field strength/geometry -behaves differently in the inner Galactic region: indeed, several anomalies observed in the γ-ray diffuse emission support this view. We start noticing that conventional models, in which the Galactic CR distribution is normalized to the locally observed one, and the same source spectrum and diffusion properties are assumed in the whole Galaxy, cannot explain the large γ-ray flux measured by the Milagro observatory from the inner GP region (|b| < 2
• , 30 • < l < 65 • ) at 15 TeV median energy [16, 17 ]. An optimized model was proposed to account for the EGRET GeV excess [18] , and came out to reproduce Milagro result as well, but was subsequently excluded by Fermi-LAT [19] . In fig. 1 we show how a representative conventional model (labeled KRA no hard.), with similar spectral properties as the Fermi benchmark model shown in [20] , largely underpredicts the Milagro result. This problem is common to all the models of this kind and still holds assuming that the spectral hardening found by PAMELA in the CR proton and Helium spectra above ∼ 230 GeV/n [21] (see below) is present in the whole Galaxy (KRA model in fig. 1 ). Therefore, the Milagro excess is still an open issue for Galactic CR physics, and indeed its possible relevance for high-energy neutrino physics has often been pointed out (see e.g. [22, 23] ). Another intriguing discrepancy was found between the predictions of conventional models and high-energy γ-ray H.E.S.S. data for the Galactic ridge region (|l| < 0.8
• , |b| < 0.3 • ) [28] . The diffuse spectrum measured by H.E.S.S. for 0.3 < ∼ E < ∼ 10 TeV in that region is well described by a power law with index 2.29 ± 0.07 ± 0.20. This is significantly harder than expected from π 0 -decay if a CR spectral shape identical to that found in the solar neighborhood is assumed in the GC region. In fact, in fig. 2 we show as a benchmark conventional model (KRA no hard.) cannot consistently re-
The diffuse emission γ-ray spectrum from the inner Galactic plane (|b| < 2
• , 30
• ) computed for the reference models considered in this Letter is compared with Fermi-LAT and Milagro data. The Milagro differential flux reported here is 17 % lower respect to the flux reported in 2008 [24] due to the assumption of a spectral index of 2.4 instead of 2.7 [25] . The expected sensitivity of HAWC [26] and CTA [27] are reported. The spectral components are shown for the KRAγ model only.
produce Fermi-LAT and H.E.S.S. data even assuming the PAMELA hardening in the CR primary spectra (KRA). While in [28] the authors suggest such discrepancy to be originated by the proximity between the dense molecular gas with a CR source in that region, no compelling evidence supporting that interpretation has been provided yet. Recently, an even more serious anomaly was found at lower energy in the diffuse γ-ray spectrum measured by Fermi-LAT [20] : the conventional models tuned to reproduce the diffuse γ-ray over most of the sky systematically underestimate the measured flux in the inner GP region above few GeV. An alternative phenomenological scenario was proposed to account for those results allowing a radial dependence for both the rigidity scaling index δ of the diffusion coefficient and the convective wind. Since the model assumes δ increasing with R, it predicts a hardening of CR propagated spectrum, hence of the γ-ray emission, in the inner Galaxy [29] (see also [30] where a different model assuming a hard CR spectrum in the inner Galaxy was proposed). It was shown that -within this approach -the observed γ-ray spectra at both low and mid Galactic latitudes, including the Galactic center, are reproduced without spoiling any local CR observable.
In this Letter we show that all those anomalies may actually share a common solution: the very same model proposed in [29] predicts a γ-ray emission from the inner GP region in agreement with that measured by Milagro and -although not critical for the validation of
The computed γ-ray diffuse emission from the Galactic ridge region is compared with Fermi-LAT and H.E.S.S. data. For each model the spectrum normalization has been varied to minimize the χ 2 against the data. The spectral components are shown for the KRAγ model only. Fermi-LAT: 5 years of data, within the event class ULTRACLEAN according to Fermi tools v9r32p5 as described in [31] . The point sources taken from the four-year Point Source Catalogue (3FGL) [32] were substracted from the data.
that model and for our main results -it allows to consistently reproduce Fermi-LAT and H.E.S.S. observed spectra from the Galactic ridge region. Since above few TeV the emission is dominated by hadron scattering, we are then motivated to compute in the same framework the related high-energy neutrino diffuse emission of the Galaxy and eventually compare our predictions against the last IceCube release.
The model: Following [29] , we assume that the diffusion scaling δ defined by D(ρ) ∝ (ρ/ρ 0 ) δ has the Galactocentric radial dependence δ(R) = AR + B where A = 0.035 kpc −1 and B = 0.21 so that δ(R ) = 0.5. The model also includes a convective wind for R < 6.5 kpc with velocity V C (z)ẑ (z is the distance from the GP) vanishing at z = 0 and growing as dV c /dz = 100 km s −1 kpc −1 . Concerning the vertical dependence of the diffusion coefficient we assume
Similarly to what done in [29] here we assume z t = 4 kpc for all values of R (we checked that our results do not change significantly considering larger values of z t ). We implement the model with DRAGON, a numerical code designed to compute the propagation of all CR species allowing position-dependent diffusion [33, 34] . The model parameters were tuned to reproduce the slope and angular distribution of the diffuse γ-ray emission of the Galaxy measured by Fermi-LAT without spoiling the main local CR observables: proton, antiproton and Helium spectra, B/C and 10 Be/ 9 Be ratios. Concerning the p and He spectral hardening inferred from PAMELA [35] and CREAM [36] data above ∼ 230 GeV/n, we consider two cases. 1) Local: it is originated by nearby supernova remnants (see e.g. [37] ); since this is a stochastic effect and average out on large scales it should not introduce any feature in the Galactic CR population. 2) Global: it may be originated by a spectral feature in the rigidity dependence of all CR source spectra or the diffusion coefficient (here we only consider the former possibility as both scenarios should have the same effect on the γ-ray diffuse emission). In both cases we assume that above 250 GeV/n the CR source spectra extend steadily up to an exponential cutoff varying in the range 5 < E cut /Z < 50 PeV to roughly agree with KASCADE [38] and KASCADE-Grande data [39] (see fig. 3 ).
The γ-ray spectrum: As shown in [29] , the KRA γ setup -both in its local (KRA γ no hard.) and global realizations -provides a good fit of the γ-ray diffuse emission measured by Fermi-LAT all over the sky, in particular towards the inner GP region. Here we extend that computation above the TeV to test its predictions against Milagro and H.E.S.S. results. Similarly to [29] , we compute the hadronic emission integrating the expression of the γ-ray emissivity given in [40] along the line-of-sight using GammaSky (a dedicated code used in [42] [43] [44] to simulate diffuse γ-ray maps). That expression accounts for the energy dependence of the pp inelastic cross section (significant above the TeV). For the interstellar gas components we use the distributions taken from the latest public version of the GALPROP package [20, 41] . Since that Galactic gas model may not be sufficiently accurate in the Galactic ridge (within the central 200 pc of the Milky Way), we allow the spectrum normalization to vary so to minimize the χ 2 against the Fermi-LAT and H.E.S.S. data in that region. The required correction factor is 0.3 for the KRA γ model and closer to unity in the other cases. We disregard γ-ray opacity due to the interstellar radiation field as it is negligible up to few tens of TeV [45] .
Our results are shown in figs. 1 and 2. As mentioned in the above, a representative conventional model (KRA), with the same main properties of the KRA γ model at the solar circle, can not match Milagro and H.E.S.S. data. While the presence of hardening in the whole CR Galactic population clearly enhances the γ-ray flux above few hundred GeV, this is not enough to account for the flux measured by Milagro from the inner GP at 15 TeV. Also in the Galactic ridge case, a combined fit of Fermi-LAT data above 10 GeV and H.E.S.S. data is unsatisfactory for the KRA hard model since its reduced χ 2 is 3.99 (2.92) without (with) hardening.
The KRA γ setup, instead, is more successful -especially if, as done in [29] , the global hardening is assumed. The reader can see from fig. 1 as, in that case, the model consistently agrees with Fermi-LAT data below 100 GeV as well as with the flux measured by Milagro, while it fails if no hardening is assumed. This is a remarkable result by itself since: 1) it confirms the validity of the KRA γ model in a higher energy regime; 2) it provides the first consistent interpretation of Milagro and Fermi-LAT results, and 3) it reinforces the arguments in favor of a non-local origin of the hardening in the CR spectra above 250 GeV. Exploring a region not covered by Milagro the H.E.S.S. observation of the Galactic ridge offer a further -although not critical due to the rather extreme conditions in the GC region -test of our model. Interestingly, also for that region the model provides a good fit of Fermi-LAT and H.E.S.S. results (see fig. 2 ): The related reduced χ 2 is 1.79 (2.27) with (without) hardening. Therefore the presence of the CR hardening seems to be required also in the most inner region of the Galaxy.
The full-sky neutrino emission: As evident from our previous results the hadronic emission above the TeV computed with the KRA γ model is significantly stronger than that computed with conventional models. This has relevant consequences for the neutrino emission of the Galaxy. We computed the ν e and ν µ production spectra similarly to what done for γ-rays. For both flavors we used the emissivities provided in [40] , well tuned on accelerator and CR data, for projectile energies below ∼ 500 TeV, while we adopted the ones provided in [46] , above that range. We then accounted for neutrino oscillations which redistribute the composition almost equally among all the three flavors (see e.g. [47] ). We only consider proton and helium CRs/gas -as done for γ-rayssince heavier nuclear species give a negligible contribution in the energy range we consider (see [48] ).
Our main result is reported in fig. 4 where we repre-
The full-sky neutrino spectrum computed for the KRAγ and KRA models (both with global CR hardening) and two choices of the CR high-energy cutoff is compared with IceCube result [6] .
sent the total neutrino spectrum (all flavors, including antiparticles) computed for the KRA γ and KRA models, with global CR hardening, and compare it to the IceCube result. We notice that the KRA setup underpredicts the flux measured by IceCube by almost an order of magnitude. On the other hand, the KRA γ predicts a significantly larger flux. For that setup the neutrino spectrum follows a power law with index −2.45 up to 10 TeV where it slightly hardens due to the growing pp inelastic cross section. The high-energy tail of the spectrum depends on the position of the CR source spectrum cutoff E cut /Z. Here we consider two reference values E cut = 5, 50 PeV roughly bracketing KASCADE and KASCADE-Grande data (see fig. 3 ). We notice, however, that the lowest choice can not account for the PeV IceCube events (the maximal neutrino energy is roughly 1/20 of that of its primary nucleon), two of them coming from the GP region. Instead, the highest value of E cut , compatible with these events, is also compatible with models in which the ankle of the CR spectrum marks the Galactic to extragalactic transition [9] . Remarkably, in that case the KRA γ predicts a neutrino spectral index in agreement with the experimental result in the IceCube energy window. With the highest E cut the computed flux is only a factor of two smaller than that required to account for the whole signal measured by IceCube. Since the Galactic emission is more pronounced along the GP, such a deficit might be actually required to leave room to a more isotropic component possibly explaining some of the events detected outside the GP region. Concerning the isotropy, we also notice that -similarly to γ-rays (see fig. 2 in [29] ) -a large fraction of the full-sky Galactic neutrino flux comes from a relatively close region where emitting gas clouds are distributed almost isotropically around us. A more detailed study of the expected event distribution will be presented in a forthcoming paper. A possible origin of the emission required to fill the gap between our results and IceCube data might arise by the interaction of CR escaping from the Milky Way with a gas halo extending almost isotropically up to ∼ 100 kpc from the GC with a total mass ∼ 10 11 M [23] . The presence of such gas halo has been proposed as a possible solution of the missing baryon problem and recently supported by X-ray observations (see e.g. [49] ). We used DRAGON to estimate the CR distribution up to ∼ 100 kpc and computed the neutrino emission produced by its interaction with the halo gas distribution given in eq. 1 of [49] . We found that emission to be negligible (at the level) respect to that computed in the above. Therefore, we conclude that the missing neutrino emission must have an extragalactic origin.
Neutrino event estimation: Setting a threshold energy at 25 TeV, with a cosmic-ray source cutoff E cut = 50 PeV we obtain an expected event rate representing 40% of the complete sample of 37 events reported, well above the expected rate of atmospheric muons and atmospheric neutrinos after the veto conditions imposed by the IceCube collaboration. On the other hand, considering a threshold energy of 60 TeV the expected event rate is about 30% of the corresponding measured sample of 20 events. Decreasing the E cut to 5 PeV the expected event rates decrease at 20% and 10% of the measured IceCube samples. This result can be partially confirmed for the southern hemisphere emission by ANTARES [50] experiment selecting a low energy sample of events (< 60 TeV) and smaller portion of the sky, and accurately verified when IceCube and the incoming KM3NeT [51] obtain a large catalog of astrophysical neutrino events.
Discussion and conclusions: In this Letter we interpreted the TeV γ-ray signal reported by Milagro and H.E.S.S. in the inner Galactic plane and ridge regions respectively, and provided a consistent explanation for a significant fraction of the IceCube neutrino flux. Our interpretation is based on a diffusion model in which the diffusion coefficient scaling δ is allowed to vary with the Galactocentric radius, and the injection slope at high energy is tuned on the most recent CR data; this model was designed to reproduce the Fermi-LAT data without spoiling local CR observables. A physical interpretation of such a model most likely requires either to abandon the isotropic diffusion scenario generally adopted to treat CR propagation, or to consider different turbulence regimes in different regions of the Galaxy: a quantitative modeling of those phenomena is far beyond the scope of our phenomenological work. Forthcoming γ-ray observatories such as HAWC and CTA will have the potentiality to test the picture we propose. 
